Abstract Despite the overrepresentation of Kv7.1 mutations among patients with a robust diagnosis of long QT syndrome (LQTS), a background rate of innocuous Kv7.1 missense variants observed in healthy controls creates ambiguity in the interpretation of LQTS genetic test results. A recent study showed that the probability of pathogenicity for rare missense mutations depends in part on the topological location of the variant in Kv7.1's various structure-function domains. Since the Kv7.1's C-terminus accounts for nearly 50 % of the overall protein and nearly 50 % of the overall background rate of rare variants falls within the C-terminus, further enhancement in mutation calling may provide guidance in distinguishing pathogenic long QT syndrome type 1 (LQT1)-causing mutations from rare non-disease-causing variants in the Kv7.1's C-terminus. Therefore, we have used conservation analysis and a large case-control study to generate topology-based estimative predictive values to aid in interpretation, identifying three regions of high conservation within the Kv7.1's C-terminus which have a high probability of LQT1 pathogenicity.
Introduction
Congenital long QT syndrome (LQTS) stems from heritable defects in the repolarization of the myocardium leading to a prolonged QT interval. LQTS has an estimated prevalence of 1 in 2000 and carries an increased risk for potentially fatal arrhythmias. Since the sentinel discovery of KCNQ1 mutations in the first LQTS-susceptibility locus (long QT syndrome type 1, LQT1) [1] , hundreds of mutations have been identified in KCNQ1 and account for 35-40 % of LQTS cases Associate Editor Paul J. R. Barton oversaw the review of this article. Jamie D. Kapplinger and Andrew S. Tseng contributed equally to this work.
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(LQT1 prevalence=∼1:5000) [2] . KCNQ1 encodes for the Kv7.1 voltage-gated potassium channel alpha subunit responsible for the slow-activating late-repolarizing potassium current in the human heart.
Despite the overrepresentation of Kv7.1 mutations among patients with a clinically robust diagnosis of LQTS, a background rate of likely innocuous rare Kv7.1 missense variants observed in ostensibly healthy controls creates ambiguity in the interpretation of LQTS genetic test results [3, 4] . A recent study has shown that the probability of pathogenicity for rare missense variants depends in part on the topological location of the variant in Kv7.1's various structure-function domains, with high estimated predictive values (EPVs) assigned for variants localizing in Kv7.1's transmembrane and poreforming regions [4] . Importantly, since the C-terminus (defined here as the entirety of the protein beyond the end of the sixth transmembrane segment) accounts for nearly 50 % of the overall Kv7.1 protein (>300 amino acids) and since nearly 50 % of the identified overall background rate of rare variants falls within the C-terminus of Kv7.1 [4, 5] , further enhancement in mutation calling efforts may provide guidance in distinguishing pathogenic LQT1-causing mutations from rare non-disease-causing variants localizing in the Kv7.1's C-terminus.
Given the ever-increasing use of clinical-based whole exome sequencing and the recent mutation reporting guidelines from the American College of Medical Genetics [5] , there will be an increasing number of incidental findings of rare KCNQ1 genetic variants that are reported, which could lead subsequently to an overzealous increase in incorrect LQTS diagnosis and unwarranted prophylactic treatment with beta-blocker therapy and/or internal cardioverter defibrillator implantation. Therefore, it is paramount to provide physicians with enhanced tools to assist in better mutation calling efforts so the best genetic testing-based decisions in medical care can be made.
Previously, in silico tools, which largely rely on conservation comparisons, have been utilized to improve the EPV (i.e., estimated predictive value or probability of pathogenicity) of genetic variants in LQTS. However, it was identified that topology largely superseded the in silico predictions, suggesting that the tools were simply identifying the mutations that fell into functional regions [6] . As recent studies have identified four helical regions (A-D, Fig. 1 ) within the C-terminus that play a critical role in Kv7.1's tetramerization, autonomic regulation of the channel, and subunit binding, the goal of the present study was to incorporate the analyses of these newly elucidated C-terminal functional regions and phylogenetic amino acid conservation in an effort to increase the positive and negative predictive power for rare genetic variants that localize in the Kv7.1's C-terminus.
Methods

Study Populations
In order to identify the amino acid regions of the Kv7.1's Cterminus that may be critical in the pathogenesis of LQTS, two compendia of KCNQ1 single nucleotide variants resulting in missense changes (the exchange of one amino acid for another) were compiled from publically available databases or the literature (Supplemental Table 1 ). Presumably, benign control variants were defined as missense variants that were identified among two publically available exome sequencing databases [the 1000 Genome Project (1KG, n=1092 individuals, http:// www.1000genomes.org/) [7] and the National Heart, Lung, and Blood Institute Exome Sequencing Project (ESP, n= 6503, http://evs.gs.washington.edu/EVS/)] and 1344 KCNQ1 (Kv7.1) Sanger-sequenced in-house controls. In contrast, putative LQT1 case-associated mutations were defined as missense variants that were identified in LQTS cases from the literature and were completely absent in the two publically available exome databases and our 1344 inhouse controls. This strict definition of a putative LQT1-associated missense mutation was used in order to polarize the two groups of missense variants for our case-control comparative analysis. All missense variants were named at the nucleotide level using NM_000218.2 and at the protein level using NP_000209.2 according to the standard Human Genome Variation Society (HGVS) nomenclature.
Both control variants and LQT1 mutations were mapped onto the Kv7.1's C-terminus sequence obtained from UniProt (P51787). Additionally, four predicted functional domains corresponding to known and predicted alpha helical domains based on previous studies [8] [helix A, 370-389; helix B, 506-532; helix C, 548-562; helix D (which also corresponds with the Kv7.1's C-terminal subunit assembly domain (SAD)), 588-622] were analyzed to determine whether control variants or LQT1-associated mutations differentially clustered to any of these particular domains.
Kv7.1 Ortholog and Paralog Conservation Analysis
For inter-species (ortholog) conservation analysis, the University of California Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/) alignment of 43 species to the primary human Kv7.1 sequences was used. Additionally, the sequences of the five human paralogs from the Kv7 family were obtained from UniProt and aligned using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). See the Supplemental Methods for further alignment details.
A moving window was used to plot the average percent conservation separately among the 43 orthologs and the 5 paralogs in 12-amino acid increments for the 328 amino acids of Kv7.1's C-terminus. Distinct 12-amino acid windows hosting an average conservation greater than the average conservation across the entire 328-amino acid segment of the Kv7.1's C-terminus for both the orthologs and paralogs were identified.
In Silico Pathogenicity Predictions
In order to assess whether in silico tools could enhance mutation interpretation within the C-terminus, ortholog conservation, Grantham values, SIFT, PolyPhen2, MutPred, and KvSNP were utilized using default settings. For each in silico tool, the sensitivity was calculated as the number of case mutations predicted pathogenic over the total number of case mutations and the specificity was calculated as the number of control variants predicted benign over the total number of control variants. In order to compare the in silico tools, the Matthews correlation coefficient (MCC) was calculated for each tool according to the following equation:
where TP is the number of case mutations predicted pathogenic, TN is the number of control variants predicted benign, FP is the number of control variants predicted pathogenic, and FN is the number of case mutations predicted benign.
Estimated Predictive Values
In order to provide an estimate of the disease likelihood for an identified missense variant, EPVs were calculated as previously described [4] and further detailed in the Supplemental Methods.
As LQT1 has an estimated prevalence of ∼1:5000, of which ∼45 % is C-terminus mediated. Therefore, the prevalence of C-terminus-mediated LQT1 would be ∼1:10,000. In an effort to account for the potential for reduced penetrance, the EPV calculations were based on only those rare control variants identified with a frequency less than 0.02 % (1:5000) across all 8939 unrelated control subjects examined. The rare control variant status is not meant to imply pathogenicity nor non-pathogenicity, but rather to reflect that had these missense variants been identified during a clinical LQTS genetic test, they would have been considered a variant of uncertain significance (VUS) or possibly pathogenic. As the EPV was calculated based on variant frequency among cases or controls, only case variants identified in cohorts with a known number of cases were used [LQTS case series from Tester et al. [9] (n=541) and Kapplinger et al. [10] (n=2500)].
Statistical Analysis
A Fisher's exact test was used to identify regions with an overrepresentation of LQT1 mutations by comparing the number of case mutations inside and outside a given region vs. control variants inside and outside the same region. Additionally, a Fisher's exact test was used to determine whether case or control variants were more likely to affect the amino acids inside or outside of these regions by comparing the number of amino acids in a given region affected by case or control variants over all the amino acids in the region vs. the amino acids affected by a case or control variant outside the given region over all of the amino acids in that region. The average conservation was reported as average±standard error. A Student's t test was used to compare the average percent conservation between regions.
Results
Localization of LQT1-Associated Missense Mutations and Control Missense Variants in the Helical Domains
To determine whether the previously identified helical regions may enhance interpretation of variants within the Kv7.1's Cterminus, 82 LQT1-associated mutations from the literature and 31 control variants residing within the C-terminus were identified (Supplemental Table 1 ). The amino acid residue boundaries for known and predicted functional domains were previously identified as helix A (amino acids 370-389), helix B (507-532), helix C (548-562), and helix D (588-622), where helix D corresponds to the known SAD [8] .
Highlighting the importance of these four helices, the amino acids within these helices were statistically more likely to host a case mutation, with 27.8 % (27/97) of the amino acids in the helices hosting a case mutation, while only 36 of the 231 (15.6 %) amino acids outside the helices hosted a case mutation (p=0.01). Despite this, only 35/82 (43 %) LQT1 mutations were identified within the helical domains, while these helices also hosted 8/31 control variants (26 %, p=0.13). The identification of a large number of LQT1 mutations outside of the helical regions would suggest the existence of additional critical functional domains outside of these established helical domains.
Identification of Highly Conserved Regions Within the Kv7.1's C-Terminus
Conservation has been well known to correlate with regions critical to a protein's function. Therefore, the conservation of the Kv7.1's C-terminus was assessed, using a 12-amino acid moving window analysis, in order to identify potential critical domains residing outside of the four known helices. The moving window analysis showed that the conservation level was not homogenous throughout the C-terminus ( Fig. 2 ) but rather showed regions of high conservation and regions of strikingly low conservation.
In order to identify regions critical to the overall channel function, regions with high conservation were identified as the amino acids within moving windows with an average conservation (solid lines, Fig. 2 ) greater than the average conservation across the entire C-terminus (ortholog, 85.4 %; paralog, 22.5 %; dashed lines, Fig. 2 ) in both paralogs and orthologs. Using this definition, three regions (amino acids 349-391, 509-575, and 585-607) in the Kv7.1's C-terminus were identified. As expected, the average conservation for the 133 amino acids within these three windows was substantially higher than outside of these regions, especially among the paralogs (orthologs, 94.4 % ± 0.9 % compared to 79.3 %± 1.7 %; paralogs, 44.0 %±4.1 % compared to 7.8 %±1.4 %). Interestingly, the average percent conservation for amino acids within the three identified regions was indistinguishable statistically from the average across the transmembrane region [orthologs, 95.6 %±0.6 % (p=not significant (ns)); paralogs, 54.4 %± 3.0 % (p=ns), Fig. 3 , Table 1 ], suggesting that these regions may be as vital to the overall functional of the channel as the transmembrane-spanning regions.
Not unexpectedly, the identified, highly conserved regions closely correlated with the previously reported helical domains. All of helices A and C and the majority of helix B fall within the identified conserved regions (Fig. 4) . Interestingly, only ∼50 % of helix D (SAD) were identified by windows with an average percent conservation greater than the average percent conservation across the entire Cterminus in both orthologs and paralogs was within the highly conserved region. Despite the majority of the known helical domains being within the highly conserved region, over 40 % of the highly conserved regions fell outside of these helical domains, further supporting that the other yet defined critical functional domains within these conserved regions exist.
Finally, case mutations had a clear preponderance for the identified regions, with 50 of the 133 amino acids (37.6 %) in the highly conserved regions hosting a case mutation, while only 6.7 % (13/195) of the amino acids outside the highly conserved regions hosted a case mutation (p=5.0×10 −12 , Table 1 ). Given the lack of phenotypic data for a large subset of the cases examined, we performed a subset analysis examining the location of the variants identified in 388 clinically definite LQTS cases [4] . Among the rare variants identified in these cases, 90 % (18/20) were identified within the conserved regions. Interestingly, the only variant among these cases identified within the controls, found in five controls, resided outside of the conserved regions and was identified in a case hosting a likely pathogenic mutation in KCNH2.
Furthermore, when examining 45 KCNQ1 missense variants from the literature with functional characterization, the highly conserved region correlated with the functional status of the variants, as 73 % (29/40) of the functionally abnormal variants resided within these highly conserved regions, while only 1 of the 5 variants with wild-type functional properties localized in this region (p=0.035).
While we cannot definitely label the control variants as benign, there is a paucity of control variants in these identified ) resided within these regions (Fig. 4, Table 1 ). Given the relatively low number of control variants identified in our control cohort, we additionally examined the 109 KCNQ1 C-terminus variants identified from the recently released Exome Aggregation Consortium (ExAC, Cambridge, MA; http://exac.broadinstitute.org; accessed March 2015). With only 33 % (36/109) of the ExAC variants residing within one of these highly conserved regions, the localization of the ExAC variants was indistinguishable from that of the control variants from this study (p=0.08); however, it is important to note that the ESP and 1KG samples are included in the ExAC samples. Even with this larger dataset, ExAC-derived control variants were far less likely to localize in one of these highly conserved regions than the case-derived variants (p=4.7×10 −12 ).
Comparison of In Silico Tools for Their Ability to Distinguish LQT1 Mutations from Control Variants
Pathogenicity predictions using the identified, highly conserved regions from this study were compared to five highly utilized in silico predictive algorithms, one of which was designed specifically for the Kv channels (KvSNP). All the in silico algorithms were able to statistically distinguish case mutations from control variants (Fig. 5) . For example, ortholog conservation predicted 61 % (50/82) of case mutation as pathogenic but only predicted 13 % (4/27) control variants as pathogenic (p=4.8×10
−7
). The pathogenic predictions for case mutations and control variants from each tool are shown in Fig. 5 .
While each prediction (except the use of the C-terminus helices) was able to statistically distinguish case mutations from control variants, the use of the highly conserved regions was superior when comparing the sensitivity and specificity of each tool as compared by the MCC. For example, the use of the highly conserved regions to establish predictive pathogenicity resulted in a sensitivity of 82.9 % and a specificity of 83.9 %, giving the highest MCC of 62.3 %. The pathogenic predictions, sensitivity, specificity, and MCCs for each prediction algorithm can be seen in Table 2 .
Mutations in Identified Conserved Regions Have Greater EPVs than Do Mutations Localizing Outside of These Regions
In an effort to provide physicians with a framework to interpret the next missense variant identified within the C-terminus of Kv7.1, EPVs were calculated. In this study, the overall EPV for missense variants within the entire C-terminus was calculated to be 97 % (95-98 %). This would suggest a high probability of pathogenicity for all missense variants in the C-terminus. However, we have shown non-random clustering of LQT1 mutations to highly conserved regions within the Cterminus. Therefore, we compared the EPV for variants residing within one of these highly conserved regions to those localizing outside of these regions. The EPV for the highly conserved regions was 99 % (98-100 %).
Conversely, the EPV for missense variants outside the highly conserved regions fell to 66 % (22-85 %). This would suggest a high probability of pathogenicity for missense variants identified within the conserved region, while a great deal of caution must be applied to those missense variants falling outside these three identified conserved regions. Interestingly, when assessing variants based upon the previously identified helical domains within the C-terminus, the EPVs are not polarized: the EPV within the helical regions was calculated to be 98 % (95-99 %), and outside the helices, it was 96 % (93-98 %). This highlights the fundamental importance of the newly identified, highly conserved regions from this study in the interpretation of missense variants within the C-terminus of Kv7.1.
Additionally, as previous studies have suggested that enhanced predictions can be achieved when synergistically using predictions from multiple in silico algorithms, the ability of in silico algorithms to enhance even further the interpretation inside or outside the identified, highly conserved regions was assessed. Despite all seven in silico tools being able to distinguish LQT1 mutations from control variants when assessing the entire C-terminus, when the variants were assessed based on their location inside or outside the identified, highly conserved regions, none of the tools were able to statistically distinguish case mutations from control variants in both regions. Looking at PolyPhen2 as an example, 94.1 % (64/68) case mutations within the highly conserved regions were predicted pathogenic; however, 60 % of the control variants were also predicted pathogenic (3/5) (p>0.05) within this region. Additionally, outside of the highly conserved regions, PolyPhen2 only predicted 28.6 % (4/14) LQTS mutations as pathogenic while predicting 46.2 % (12/26) control variants as pathogenic (p>0.05). The pathogenicity predictions for each tool inside and outside the identified conserved regions are provided (Table 3) . While no tool reached statistical significance in both regions, all the tools scored more case mutations as pathogenic than control mutations in both regions (except PolyPhen2 outside the highly conserved regions), suggesting that there potentially could be added as benefit, but this study may be limited by the small number when examining the subset regions.
Discussion
Issues of Interpretation in LQTS Genetic Testing
With the expanding use of clinical genetic testing and the introduction of clinical whole exome/genome sequencing, the clinical interpretation of genetic tests is becoming more and more complex. The ever-increasing amount of genetic data has highlighted that genetic test interpretation is not simply completed with the identification of a rare variant in an established disease-susceptibility gene, especially given recent studies identifying a background rate of rare variation in apparently healthy individuals leading to a level of ambiguity in genetic test interpretation.
Highlighting this issue, a recent study identified a high prevalence of genetic variants previously associated with LQTS within exome data from large population studies, casting doubt on their previous annotation as LQT1-causative mutations [11] . Because LQTS genetic testing provides diagnostic, prognostic, and therapeutic implications, the correct interpretation of an identified variant is critical [12] . However, the level of ambiguity presents a challenge to the referring physician, which has led to a number of studies identifying methods to distinguish pathogenic mutations from benign Bgenetic noise^within genes associated with LQTS [4, 6, 13] . While the gold standard for mutation interpretation continues to be functional studies examining mutant's electrophysiology properties, these studies are expensive and timeconsuming requiring extensive expertise. Therefore, the utilization of interpretive algorithms, harnessing the identification of critical functional regions or in silico predictions, has gained favor due to their ease of use. For KCNQ1, topological and in silico analyses have been used previously in an effort to improve EPVs for variants in KCNQ1 [6, 4, 13] . While previous topology studies have suggested the importance of the entire C-terminus of Kv7.1 providing an EPVof 95 % (0.95 CI 89-98 %) [4] , the C-terminus of the Kv7.1 channel spans roughly half of the entire protein and also hosts nearly half of the genetic noise within the gene. Attempts to further polarize the EPVs within the C-terminus with in silico and physiochemical analyses have been attempted. However, it was identified that topology superseded the in silico predictions as the in silico tools were unable to distinguish case from control variants when assessing variants within topological regions [6] . Therefore, improvements need to be made to increase the analytical resolution of this region.
Identification of Highly Conserved Regions
As topology has been shown previously to be critical in the interpretation of variants, we assessed known functional regions within the C-terminus of Kv7.1. Studies have identified four helical regions involved in protein trafficking, subunit assembly, as well as interactions with the β-subunit KCNE1 and calmodulin [14] [15] [16] . Despite the critical role of these regions for the overall channel function, a large fraction (57 %) of case variants fell outside of these four helices, suggesting that there may be additional regions within the C-terminus playing a key role in the function of the channel.
Therefore, through an analysis of conservation among orthologs and paralogs, we identified three highly conserved regions in the Kv7.1's C-terminus. These regions had a conservation level comparable to the critical transmembranespanning regions, hosted 83 % of the case variants identified in this study, and were associated closely with the four previously identified helices. Although there was a close association with the known helical regions, there were some interesting differences. Regions showing a high level of conservation and hosting a number of case variants were identified outside the helical regions, including the regions between the sixth transmembrane segment and helix A, between helices B and C, and a large portion of the region between helices C and D (Fig. 4) . This would suggest a critical role for these regions in the overall assembly or function of the channel. Interestingly, only the proximal portion of the SAD was included in the highly conserved region, suggesting either a limitation to the conservation analysis or a less critical requirement for the distal portion of the SAD, more likely the latter, given that LQT1 mutations were much more common in the highly conserved portion of the SAD. Overall, the identification of the identified, highly conserved regions can guide future structural/functional studies.
Impact on Interpretation of Variants of Uncertain Significance Within the Kv7.1's C-Terminus
In an effort to improve interpretation within the C-terminus, we assessed the EPVs inside and outside of the identified conserved regions. The EPV was increased to 99 % (98-100 %) within the three identified conserved regions, while the EPV for variants localizing outside of these three regions has fallen significantly [66 % (22-85 %)]. These EPVs mean that the next novel rare variant identified within the Kv7.1's C-terminus localizing in the highly conserved regions can be more reliably predicted to be pathogenic, while similarly, rare variants identified outside of these regions need to be interpreted more cautiously as they remain stuck in that nebulous VUS category, which we have coined as a genetic purgatory. While this discovery is important for the interpretation of cases suspected of having LQTS, it is equally important and perhaps even more so for the emerging issue of incidental findings from clinical whole genome/exome sequencing. In fact, recently, the American College of Medical Genetics has recommended the reporting of incidental findings of KCNQ1 mutations even in cases without any previous indication of LQTS. The reporting of such incidental findings certainly may identify the one in 2000 individuals who truly have undiagnosed LQTS and will benefit from potentially life-saving prophylactic treatment and avoidance of QT-prolonging medication. However, there is a stronger possibility that incidental findings may result in not only the overzealous misdiagnosis of LQTS but also the possible initiation of unnecessary and excessive therapies, including ICD implantation.
Prior to this study, any VUS identified in the Kv7.1's Cterminus could have been interpreted as carrying a high likelihood of pathogenicity (EPV>90) when found in a suspected LQTS patient [4] . However, this study now shows that the majority of the genetic noise within the C-terminus occurs outside of the identified conserved regions (84 % of control variants fall outside the three conserved regions). The low pathogenicity prediction for this region (EPV=66 %) suggests that one must be more critical of the role a variant in this region may play in the disease and that without a clinical evaluation supporting the diagnosis, the variant may not be disease causing.
In support of the lower pathogenic prediction outside of the identified conserved regions, some case variants within the large loop between helices A and B were reviewed and identified to have low evidence for pathogenicity. For example, KCNQ1 p.V417M was identified in a case that also hosted the KCNQ1 mutation p.V254M. Following functional characterization, it was identified that the helical A-to-helical B loop where the p.V417M variant resided had negligible changes in the electrophysiological properties of the channel, while the transmembrane localizing p.V254M variant resulted in a significant loss of current [17] . Additionally, three other case variants (p.D446E, p.P448L, and p.R451W) found within the A-to-B loop were identified in cases hosting a second mutation that was either within the transmembrane region or previously shown to have abnormal electrophysiological properties. This suggests that these four A-to-B loop variants, previously published as possible LQT1 mutations, are likely false positives or, at most, modifiers. It is important to note that while we highlight these four variants outside the critical region, we did not do a systematic analysis of all case variants inside and outside the highly conserved region due to limitation in the published data. Therefore, there is a possibility that cases hosting a variant that localizes in one of these highly conserved regions may also host other pathogenic variants outside the Kv7.1's C-terminus or outside Kv7.1 altogether.
In Silico Predictions for KCNQ1 Interpretation
The use of in silico tools to enhance variant interpretation has gained traction as these tools require limited expertise and provide immediate predictions. Despite these advantages, very few of the tools have been vetted for particular diseases but rather have been shown to distinguish case from control variants using large datasets of variants across a broad spectrum of disorders. This broad characterization may have limitations for particular genes or regions despite showing a statistical ability across the broad spectrum of mutations. This has been demonstrated for disease-susceptibility genes for hypertrophic cardiomyopathy (HCM) where in silico algorithms were only advantageous in the two major genes, MYBPC3 and MYH7 [18] . Additionally, in silico tools have shown limited utility when assessing sub-regions within KCNH2 and KCNQ1 for LQTS [6] .
While we have shown that in silico tools are able to distinguish case mutations from control variants within the Kv7.1's C-terminus, the use of these newly identified, highly conserved regions (amino acids 349-391, 509-575, and 585-607) to assign pathogenic predictions provided a stronger predictive output when comparing sensitivity and specificity. Additionally, we highlight the inability of the in silico tools to enhance predictions when assessing variants inside and outside of these three highly conserved regions.
Importantly, the interpretation of a genetic test is never a black and white, binary interpretation. Instead, the genetic test must be interpreted in the context of the clinical picture, the mutation involved, and the pathogenicity predictions. Recently, an algorithm has been proposed which uses a Bayesian model to synergistically use multiple predictive methods to enhance interpretation [19] . To that end, we have identified three highly conserved regions (amino acids 349-391, 509-575, and 585-607) within the C-terminus of Kv7.1, which strongly correspond with putative case mutations and previously functionally characterized variants and could be added quickly and easily to such a model to further improve variant interpretation.
Limitations
Conservation has been used widely to identify regions critical to the overall function of a particular protein. However, there are limitations to the use of conservation to identify all critical regions. While conservation across orthologs or paralogs can be indicative of a region's necessity for the function of a protein, the absence of conservation does not necessarily indicate that a region has no role in the protein's function. Nevertheless, our approach has identified regions with likely critical function that can enhance interpretation of VUSs within the Kv7.1's C-terminus.
While we classify any variant identified in the controls as benign, there may be control variants that are pathogenic. However, given an estimated prevalence of Kv7.1's Cterminus-mediated LQT1 at ∼1:10,000, the vast majority of the Kv7.1's C-terminus variants identified in the controls can be assumed to have little effect individually on the LQTS phenotype. This assumption is further supported by the decreased pathogenic predictions of the in silico tools as well as the clear separation between case and control variant location with the C-terminus. While many LQTS-causative mutations are associated with decreased penetrance, given the background variation in the major genes of LQTS, the penetrance of the control variants would have to be less than 5 %, making the interpretation nearly impossible [11] .
Further, if some of the control variants are in fact pathogenic, the EPVs would be underestimated, making our resultant EPVs a conservative assumption. Conversely, it is also possible that given the inability to adjudicate each case with a putative LQT1-associated mutation as a robust, definite case of LQTS, it is conceivable that some of the case variants may in fact be benign, as we have highlighted in the discussion. By definition, the KCNQ1 background rate defines that there will be a certain presence of benign genetic noise in any cohort of samples tested for KCNQ1. While the presence of benign variants within the case samples cannot be avoided, the EPV calculation attempts to account for the background genetic noise and the inclusion of benign variants in the cases should make the EPVs conservative estimates. As the inherent issue of potential pathogenic variants in controls and benign variants result in conservative estimates, our identification of regions that provide such a strong separation would only be enhanced with the removal of these confounding variants.
Conclusion
We have identified three highly conserved regions in the Cterminus of KCNQ1-encoded Kv7.1 channel (amino acids 349-391, 509-575, and 585-607) with significantly greater EPVs. This finding is further supported by functional and structural analyses, showing a significant association among conservation, structure, and pathogenicity. The methods utilized in this study can be readily applied to other genetic syndromes to aid in the interpretation of genetic tests.
